
Histamine reduces susceptibility to natural killer cells via
down-regulation of NKG2D ligands on human monocytic

leukaemia THP-1 cells

Introduction

Natural killer (NK) cells are important effectors of the

innate immune system, providing early defence against

several types of tumours and intracellular microbial

infections;1–3 and are also involved in the adaptive

immune system.4 Natural killer cell-mediated cytotoxicity

is controlled by activating and inhibitory receptors and

NK group 2D (NKG2D) is a key activating receptor

expressed on NK, activated CD8+ and cd T cells.1–3
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Summary

Natural killer (NK) group 2D (NKG2D) is a key activating receptor

expressed on NK cells, whose interaction with ligands on target cells plays

an important role in tumorigenesis. However, the effect of histamine on

NKG2D ligands on tumour cells is unclear. Here we showed that human

monocytic leukaemia THP-1 cells constitutively express MHC class I-

related chain A (MICA) and UL16-binding protein 1 on their surface, and

incubation with histamine reduced the expression in a dose-dependent

and time-dependent manner as assessed by flow cytometry. Interferon-c

augmented the surface expression of the NKG2D ligands, and this aug-

mentation was significantly attenuated by histamine. The histamine H1

receptor (H1R) agonist 2-pyridylethylamine and H2R agonist dimaprit

down-regulated the expression of NKG2D ligands, and activation of H1R

and H2R signalling by A23187 and forskolin, respectively, had the same

effect, indicating that the histamine-induced down-regulation of NKG2D

ligands is mediated by H1R and H2R. Quantitative reverse transcription-

PCR showed that mRNA levels of the NKG2D ligands and relevant

microRNAs were not significantly changed by histamine. Histamine

down-regulated the surface expression of endoplasmic reticulum protein

5, and inhibition of matrix metalloproteinases did not impair this down-

regulation, indicating that proteolytic shedding was not involved. Instead,

pharmacological inhibition of protein transport and proteasome abrogated

it, and histamine enhanced ubiquitination of MICA. Furthermore, hista-

mine treatment significantly reduced susceptibility to NK cell-mediated

cytotoxicity. These results suggest that histamine down-regulates NKG2D

ligands through the activation of an H1R- and H2R-mediated ubiquitin–

proteasome pathway and consequently reduces susceptibility to NK cells.

Keywords: histamine; immune evasion; natural killer cell; NKG2D ligands;

ubiquitination

Abbreviations: ERp5, endoplasmic reticulum protein 5; FU, fluorescence units; H1R, histamine H1 receptor; HDC, histidine
decarboxylase; IFN, interferon; mAb, monoclonal antibody; MFI, mean fluorescence intensity; MIC, MHC class I-related chain;
MMP, matrix metalloproteinase; NK, natural killer; NKG2D, NK group 2D; PBMC, peripheral blood mononuclear cells; RT,
reverse transcription; SD, standard deviation; TNF, tumour necrosis factor; ULBP, UL16-binding protein.
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Human NKG2D associates with the adaptor protein,

DNAX-activating protein of molecular weight 10 000, its

engagement ultimately leading to calcium influx and

cytotoxicity.3

There are multiple ligands for NKG2D, all of which are

homologues of MHC class I proteins. The first ligands

identified were MHC class I-related chain (MIC) A and

MICB, which are expressed in normal intestinal epithe-

lium and in carcinomas of many tissues.5 The expression

of MICA/B can be increased by culture in interferon-a
(IFN-a) and interleukin-15 from dendritic cells.6 The sec-

ond family of human NKG2D ligands is the UL16-bind-

ing protein (ULBP) family, ULBP1–4, which were first

identified as ligands for the human cytomegalovirus pro-

tein UL16 with homology to mouse NKG2D ligands, the

retinoic acid early transcript 1 family.7

Histamine is a bioamine with multiple physiological

activities.8 Histamine is released from stimulated mast

cells or basophils. In addition, it is synthesized by histi-

dine decarboxylase (HDC) in non-mast cells and released

without being stored.9–11 HDC is expressed in various

organs and tissues in response to a variety of stimuli,

including bacterial products, such as lipopolysaccharide

and pro-inflammatory cytokines.10,12,13 Histamine recep-

tors (H1R, H2R, H3R and H4R) belong to the G-protein-

coupled receptor superfamily.8 H1R and H2R are expressed

in various cell types, whereas the expression of H3R and

H4R is restricted to the brain and haematopoietic cells,

respectively. H1R is linked to the activation of phospholi-

pase C through Gaq/11 protein, which causes the mobili-

zation of intracellular calcium, and H2R is linked to

adenylate cyclase and phosphoinositide second messenger

systems.8 H2R-dependent effects of histamine are pre-

dominantly mediated by cAMP.

Histamine is an important mediator not only in allergic

reactions but also in a variety of immune responses,

including the production of pro-inflammatory cytokines

and the modulation of the helper T-cell balance.8 Hista-

mine can synergistically augment inflammatory stimuli

such as tumour necrosis factor-a (TNF-a), interleukin-1

and lipopolysaccharide.14 Histamine does not directly

affect the cytotoxicity of NK cells but protects NK cells

from inhibition of monocyte-derived reactive oxygen spe-

cies.15 The mechanism of this protection is the ability of

histamine to maintain the expression of NKG2D and

NKp46, a member of the family of natural cytotoxicity

receptors.16

Protein expression and activity of HDC are increased

in experimental and human tumours, such as mela-

noma,17,18 breast cancers19,20 and small cell lung carci-

noma.21 Tumour cells express H1R, H2R and H4R,22 and

histamine is implicated as an autocrine growth factor.18,23

However, the effect of histamine on NKG2D ligands

expressed on tumour cells is unclear. In this study, we

investigated whether histamine modulates human NKG2D

ligands, MICA, MICB and ULBP1, expressed by human

monocytic leukaemia THP-1 cells and NK cell-mediated

cytotoxicity.

Materials and methods

Reagents

Human IFN-c was obtained from BioLegend (San Diego,

CA). Dimaprit was obtained from Wako Pure Chemical

Industries (Osaka, Japan). The calcium ionophore A23187,

GM6001 and cytochalasin B were obtained from Calbio-

chem (San Diego, CA,). Golgiplug (containing 10%

Brefeldin A) was obtained from BD (Franklin Lakes, NJ).

Bortezomib was obtained from Nacalai (Kyoto, Japan).

All other reagents were obtained from Sigma-Aldrich

(St Louis, MO), unless indicated otherwise.

Cells and cell culture

The human monocytic leukaemia cell line THP-124 was

obtained from the Cell Resource Centre for Biomedical

Research, Institute of Development, Aging and Cancer,

Tohoku University (Sendai, Japan) and grown in RPMI-

1640 medium (Invitrogen, Carlsbad, CA) with 10% fetal

calf serum (Tissue Culture Biologicals, Tulare, CA). THP-

1 cells (2 · 105 cells/ml) were cultured in 24-well plates

in 1 ml of the medium with histamine and other

reagents.

Flow cytometry

Cells were incubated with Alexa 488-conjugated anti-

human MICA/B monoclonal antibody (mAb) 6D4 (mouse

IgG1) (BioLegend), anti-human MICB mAb 236511 (mouse

IgG2b), anti-human ULBP1 mAb 170818 (mouse IgG2a)

(R&D Systems, Minneapolis, MN) or control IgG on ice

for 30 min. Cells stained with anti-MICB, anti-ULBP1 or

control IgG were further incubated with FITC-conjugated

affinity purified goat anti-mouse IgG (Jackson Immuno-

Research Laboratories, West Grove, PA) on ice for

30 min. Cells were also stained with rabbit anti-endoplas-

mic reticulum protein 5 (ERp5) polyclonal antibody

(Affinity BioReagents, Golden, CO) or control IgG and

further incubated with FITC-conjugated anti-rabbit IgG

(Jackson ImmunoResearch Laboratories) on ice for

30 min. Flow cytometric analyses were performed with

FACSCalibur and CELLQUEST (BD), and mean fluores-

cence intensity (MFI) was evaluated. The % reduction of

MFI by histamine was calculated as (MFI in the presence

of histamine ) control MFI)/(MFI in the absence of his-

tamine ) control MFI) · 100 (%).

For intracellular staining, cells were treated with Cyto-

fix/Cytoperm (BD) for 20 min and 0�05% Tween-20 for

10 min on ice, and then stained with antibodies.
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Quantitative reverse transcription-PCR

Quantitative reverse transcription (RT-) PCR was per-

formed as described previously.25 The primers used for

PCR were as follows: MICA, forward 50-GGA TGG ATC

TGT GCA GTC-30 and reverse 50-CGT TCC CTG TCA

AGT CTC T-30; MICB, forward 50-TGT TTC TGC TGC

TAT GCC AT-30 and reverse 50-CTG ACA TCA GAG

GCT GAA ATC-30; ULBP1, forward 50-GCA GAG GAT

CTT GGC AGT TC-30 and reverse 50-CCC CAG TGA

AAT CTT CTG GA-30; and b-actin, forward 50-GCA AAG

ACC TGT ACG CCA AC-30 and reverse 50-CTA GAA

GCA TTT GCG GTG GA-30 (Nihon Gene Research Labs,

Sendai, Japan). The PCR conditions were 40 cycles of 95�
for 10 s, 68� for 10 s and 72� for 10 s for MICA, 35 cycles

of 95� for 10 s, 68� for 10 s and 72� for 10 s for MICB,

35 cycles of 95� for 10 s, 64� for 10 s and 72� for 10 s for

ULBP1, and 35 cycles of 95� for 10 s, 60� for 10 s and

72� for 10 s for b-actin. The product sizes for MICA,

MICB, ULBP1 and b-actin were 167, 182, 161 and

260 bp, respectively. Quantitative RT-PCR for microRNAs

was performed as described elsewhere.26 Total RNA was

polyadenylated with poly(A) polymerase and then

reverse-transcribed with Moloney murine leukaemia virus

reverse transcriptase and a unique Oligo-dT Adaptor pri-

mer from the All-in One� microRNA qRT-PCR Detec-

tion kit according to the maunufacturer’s instructions

(GeneCopoeia, Rockville, MD). The reaction primers were

a 30 adaptor primer and primers based on the microRNA

sequences as described.26 The mRNA levels of the relevant

miR-20a and miR-93 and irrelevant miR-103 were nor-

malized to the control miR-16 level and expressed as rela-

tive units versus medium alone. The specificity of the

PCR was confirmed by the molecular weight of the prod-

ucts and a melting curve analysis for each data point.

TNF-a release assay

THP-1 cells were stimulated with PMA (50 ng/ml) and

ionomycin (500 ng/ml) in the presence (10 or 50 lM) or

absence of GM6001 for 24 hr. The supernatant was then

collected, and the amount of TNF-a that it contained was

measured using a human TNF-a ELISA kit (BioLegend).

Phagocytosis assay

Phagocytosis was assessed through the uptake of pHrodo

Escherichia coli BioParticles (Invitrogen). To elicit the

response, the particles were first opsonized with 25% nor-

mal human serum for 30 min at 37�. THP-1 cells were

pre-incubated with (1 lg/ml) or without cytochalasin B

for 1 hr at 37�. Then, the opsonized particles were added

to the culture medium at a final concentration of 20 lg/

ml. After 8-hr incubation, the fluorescence from ingested

particles was analysed with LSRFORTESSA and DIVA software

(BD), and the percentage of pHrodo-positive cells was

evaluated.

Western blotting and immunoprecipitation

Cells (106 cells) were lysed with a buffer (100 ll) contain-

ing 1% Triton X-100, 50 mM Tris–HCl (pH 7�4), 25 mM

N-ethylmaleimide, 1 mM PMSF and 10 lg/ml soybean

trypsin inhibitor for 30 min at 4�. After SDS–PAGE, gel

proteins were electrophoretically transferred to a PVDF

membrane (Bio-Rad Laboratories, Hercules, CA). The

blot was blocked for 1 hr with 3% (weight/volume) skim

milk and 0�05% Tween-20 in PBS and incubated with

mouse anti-ubiquitin mAb P4D1 (Santa Cruz Biotechnol-

ogy, Santa Cruz, CA) at 0�5 lg/ml or rabbit anti-b-actin

polyclonal antibody (BioLegend) at 1 : 2000 in 0�05%

Tween-20 in PBS overnight at 4�. Horseradish peroxi-

dase-conjugated anti-mouse IgG and anti-rabbit IgG

(Pierce Biotechnology, Rockford, IL) were used, respec-

tively, as the second antibodies. After being washed, the

blot was visualized with SuperSignal West Femto Maxi-

mum Sensitivity substrate (Pierce Biotechnology) in a

Chemi Imager (Alpha Innotech, San Leadron, CA). The

relative molecular mass of the proteins was estimated by

comparison with the position of protein standards (Bio-

Rad Laboratories). Band intensities were quantified using

IMAGE J software (National Institutes of Health, Bethesda,

MD).

For immunoprecipitation, lysates were incubated with

protein G-agarose and goat anti-MICA/B polyclonal anti-

body (Santa Cruz Biotechnology). The samples were

washed five times with lysis buffer and subjected to

Western blotting with mouse anti-ubiquitin mAb P4D1

or rabbit anti-MICA polyclonal antibody (Abcam,

Cambridge, MA).

Cytotoxicity assay

Human peripheral blood mononuclear cells (PBMC) were

isolated from heparinized peripheral blood of healthy vol-

unteers by Lympholyte-H (Cedarlane Laboratories, Horn-

by, ON, Canada) gradient centrifugation at 800 g for

20 min at room temperature. The isolated PBMC were

washed three times with PBS. NK cells were magnetically

purified from the PBMC using human NK cell isolation

kit (Miltenyi Biotec, Bergisch Gladbach, Germany). The

PBMC and purified NK cells were used as effector cells.

The cytotoxicity assay was performed using a fluores-

cent probe as described previously27 with slight modifica-

tions. Briefly, target cells were labelled with 2 lg/ml

calcein AM (Molecular Probes, Eugene, OR) for 15 min

at 37� in PBS and washed three times with RPMI-1640

medium with 10% fetal calf serum. Labelled target cells

(5 · 104 cells/well) were incubated in a total volume of

200 ll with effector cells in 96-well round-bottomed
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plates. In some experiments, calcein AM-labelled THP-1

cells were pre-incubated with anti-MICA/B mAb 6D4

(mouse IgG2a) (BioLegend) and/or anti-ULBP1 mAb

MM0592-10K10 (mouse IgG2) (Abcam), or control

mouse IgG, 5 lg/ml each, for 30 min at 37� and used as

targets. To achieve total lysis, cells were incubated with

0�1% Triton X-100. After a 4-hr incubation period, plates

were centrifuged, and the supernatants were removed and

replaced with PBS. Fluorescence units (FU) were mea-

sured in a Microplate Reader (Corona Electric, Hitachi-

naka, Japan). The excitation and emission wavelengths

were 490 and 515 nm, respectively. The % viability was

calculated as (FU of targets incubated with effector

cells ) FU of targets incubated with Triton X)/(FU of tar-

gets incubated with medium alone ) FU of targets incu-

bated with Triton X) · 100 (%), and then the %

cytotoxicity was calculated as 100 – % viability. The Ethi-

cal Review Board of Tohoku University Graduate School

of Dentistry approved the experimental procedures.

Statistical analysis

Experimental values were expressed as means ± standard

deviation (SD). The statistical significance of differences

was evaluated using an unpaired t-test with Welch’s cor-

rection when comparing two groups, and a one-way anal-

ysis of variance using the Bonferroni or Dunnett method

when comparing three or more groups. Values of

P < 0�05 were considered to be statistically significant.

Results

Down-regulation of surface expression of
NKG2D ligands on THP-1 cells by histamine

We first examined the effect of histamine on the expres-

sion of NKG2D ligands on human monocytic leukaemia

THP-1 cells. THP-1 cells constitutively expressed MICA/B

and ULBP1 on the cell surface as assessed by flow cytom-

etry (Fig. 1a). Incubation with histamine at 1 lM for

24 hr resulted in a decrease in the expression of these

ligands, and further reductions at 10 and 100 lM of hista-

mine. The expression of MICA/B was significantly

decreased at 8 hr and further decreased at 24 and 48 hr

(Fig. 1b). The expression of ULBP1 was significantly

decreased at 24 and 48 hr. Flow cytometric analysis with

MICB-specific mAb showed the expression of MICB to be

marginal and not significantly decreased by histamine

treatment (Fig. 1c), indicating that THP-1 cells express

MICA, but not MICB, on their surface and that MICA

expression was down-regulated by histamine.

As NK cells are a major source of IFN-c,1 we next

examined the effect of IFN-c on the expression of

NKG2D ligands and its histamine-induced down-regula-

tion. Treatment of THP-1 cells with IFN-c markedly
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Figure 1. Down-regulation of natural killer group 2D (NKG2D)

ligand expression by histamine. (a) THP-1 cells were incubated with

medium alone (purple) or histamine (1, blue; 10, pink; and 100 lm,

green) for 24 hr at 37�. Cells were then stained with anti-MHC class

I related chain A/B (MICA/B) or anti-UL16-binding protein 1

(ULBP1) monoclonal antibody (mAb) and analysed by flow cytome-

try. Grey shows the negative control. (b) THP-1 cells were incubated

with 100 lm histamine for the time indicated. The % mean fluores-

cence intensity (MFI) for triplicate cultures was evaluated on the

basis of the value obtained with untreated cells. **P < 0�01 com-

pared with 0 hr. (c) THP-1 cells were incubated with medium alone

or 100 lm histamine for 24 hr at 37�. Cells were then stained with

anti-MICB mAb and analysed by flow cytometry. The MFI for tripli-

cate cultures was based on the value obtained with untreated cells.
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augmented the expression of MICA/B and ULBP1 in a

dose-dependent manner, and the effect of IFN-c at doses

examined (0�1–10 IU/ml) was significantly reduced by

histamine (Fig. 2).

Down-regulation of surface expression of
NKG2D ligands through H1R and H2R

We previously showed that THP-1 cells constitutively

express H1R and H2R at the mRNA and protein levels.14

Therefore, we next examined whether H1R or H2R was

involved in the histamine-induced down-regulation of

NKG2D ligand expression. To this end, the H1R agonist

2-pyridylethylamine and the H2R agonist dimaprit were

used instead of histamine. Histamine at 100 lM was used

as a control. The results showed that levels of MICA/B

and ULBP1 were significantly reduced by the H1R or

H2R agonist in a dose-dependent manner (Fig. 3a).

H1R is coupled mainly to the Gaq/11 family of G-pro-

teins that cause the mobilization of intracellular calcium,

and H2R is coupled to the adenylate cyclase second mes-

senger system. Therefore, we next examined the effect of

a calcium ionophore, A23187, and an adenylate cyclase

activator, forskolin, on the expression of the NKG2D

ligands. A23187 and forskolin significantly reduced the

expression of MICA/B and ULBP1 (Fig. 3b). These results

indicate that histamine down-regulates the expression of

NKG2D ligands through H1R and H2R on THP-1 cells.
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Figure 2. Effect of histamine on interferon-c (IFN-c)-induced expression of natural killer group 2D (NKG2D) ligands. THP-1 cells were incu-

bated with the indicated concentrations of IFN-c in the presence or absence of histamine (100 lm) for 24 hr. Cells were then stained with anti-

MHC class I related chain A/B (MICA/B) (a) or anti-UL16-binding protein 1 (ULBP1) monoclonal antibody (mAb) (b) and analysed by flow

cytometry. The % mean fluorescence intensity (MFI) for triplicate cultures was evaluated on the basis of the value obtained with untreated cells.

**P < 0�01 compared with untreated THP-1 cells (medium alone). ##P < 0�01 compared with medium or IFN-c alone. ND, not done.
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Figure 3. Down-regulation of surface expression of natural killer group 2D (NKG2D) ligands through histamine 1 receptor (H1R) and H2R.

THP-1 cells were incubated with the indicated concentrations of histamine receptor agonists for 24 hr (a) or with the indicated concentrations of

A23187 or forskolin for 24 hr (b). Histamine at 100 lm was used as a control. Cells were then stained with anti-MHC class I related chain A/B

(MICA/B) or anti-UL16-binding protein 1 (ULBP1) monoclonal antibody (mAb) and analysed by flow cytometry. The % mean fluorescence

intensity (MFI) for triplicate cultures was evaluated on the basis of the value obtained with untreated cells. **P < 0�01 compared with untreated

THP-1 cells (medium alone).
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Transcriptional regulation, microRNAs, proteolytic
shedding, or internalization is uninvolved in the
histamine-induced down-regulation of NKG2D ligands

To explore the mechanism of down-regulation, we exam-

ined the mRNA levels of NKG2D ligands in THP-1 cells

after histamine treatment. The results of quantitative RT-

PCR showed that mRNA levels of MICA, MICB and

ULBP1 were not significantly changed by histamine treat-

ment for 4, 8 and 24 hr compared with untreated cells

(Fig. 4a), indicating that the histamine-induced down-

regulation is post-transcriptional. Human microRNAs can

down-regulate MICA and MICB protein expression

through inhibition of translation.26 However, expression

of relevant microRNAs (miR-93 and miR-20a) as well as

the irrelevant microRNA miR-103 was not significantly

changed by histamine treatment for 8 and 24 hr com-

pared with untreated cells (Fig. 4b), suggesting that these

microRNAs were not involved in the down-regulation.

The NKG2D ligands were proteolytically shed from

tumour cells by matrix metalloproteinases (MMPs), such

as TNF-a-converting enzyme,28–30 and surface ERp5, a pro-

tein disulphide isomerase, enabled the shedding of NKG2D

ligands.31 Therefore, we next examined this possibility.

However, histamine treatment also down-regulated surface

expression of ERp5 (Fig. 5a), and GM 6001, a potent

broad-spectrum inhibitor of MMPs, did not impair the

histamine-induced down-regulation of MICA/B (Fig. 5b),

whereas the release of TNF-a from THP-1 cells induced by

PMA and ionomycin was clearly inhibited by GM6001 at

the same concentrations (Fig. 5c). Furthermore, soluble

forms of MICA and MICB were not detectable in THP-1

cell culture supernatants even after histamine treatment as

assessed by ELISA (data not shown). These results indicate

that proteolytic shedding of NKG2D ligands is not involved

in the down-regulation. Furthermore, inhibition of actin

polymerization by cytochalasin B32 did not impair the

down-regulation of MICA/B on THP-1 cells induced by

100 lM of histamine (Fig. 5d), whereas the phagocytosis of

E. coli BioParticles was clearly inhibited by cytochalasin B

at the same concentration (Fig. 5e). These results indicate

that internalization of NKG2D ligands is also not involved

in the down-regulation.

Involvement of protein trafficking and ubiquitin-
proteasome system in the histamine-induced
down-regulation of NKG2D ligands

We next compared total levels (i.e. cell surface and cyto-

plasm) of MICA/B with cell surface MICA/B by flow

cytometry. THP-1 cells were permeabilized before staining

with anti-MICA/B to detect total MICA/B. MICA/B

expression of untreated (surface) and permeabilized THP-

1 cells (total) was comparable, and histamine induced a
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Figure 4. Transcriptional regulation or microRNA is not involved in the histamine-induced down-regulation of natural killer group 2D

(NKG2D) ligands. (a) THP-1 cells were incubated with medium alone (h) or 100 lm histamine ( ) for the time indicated at 37�. The mRNA

levels of MHC class I related chain A (MICA), MICB and UL16-binding protein 1 (ULBP1) were determined by quantitative reverse transcrip-

tion-PCR. The results were normalized by the b-actin level and expressed as relative units versus medium alone. The results are expressed as the

mean ± SD for triplicate assays. (b) THP-1 cells were incubated with medium alone (h) or 100 lm histamine for 8 hr ( ), for 24 hr ( ) at 37�.

The mRNA levels of relevant miR-93 and miR-20a as well as irrelevant miR-103 were determined by quantitative reverse transcriptase-PCR. The

results were normalized by control miR16 level and expressed as relative units versus medium alone. The results are expressed as the mean ± SD

for triplicate assays.
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decrease in the total level in permeabilized THP-1 cells as

well as the surface expression (Fig. 6a). However, the cell

surface MICA/B was significantly lower than total MICA/

B in the permeabilized cells. Treatment of THP-1 cells

with brefeldin A, a protein transport inhibitor in the

endoplasmic reticulum,33 abrogated the histamine-

induced down-regulation of MICA/B expression on THP-

1 cells (Fig. 6b). These results suggest that histamine

induces MICA/B degradation in cytoplasm and attenuates

the surface expression via the endoplasmic reticulum.

The ubiquitin–proteasome pathway plays an essential

role in regulating intracellular protein levels,34,35 and

NKG2D ligands can be ubiquitinated.36,37 Therefore, we

next examined this possibility. In the presence of bortezo-

mib, a selective and potent inhibitor of the protea-

some,34,35 histamine did not down-regulate MICA/B

(Fig. 6c) and ULBP1 expression (Fig. 6d) as compared

with bortezomib alone, although the expression of these

ligands was reduced, perhaps as the result of the cytotoxic

effect of bortezomib itself.34,35 In the presence of bortezo-

mib, ubiquitination with high molecular weight was aug-

mented by histamine at 8 and 12 hr (Fig. 7a), indicating

that poly-ubiquitination of cellular protein was enhanced

by histamine. Furthermore, in the presence of bortezo-

mib, MICA was ubiquitinated and the ubiquitination was

enhanced by histamine (Fig. 7b). As MICA is a glycopro-

tein with molecular weight 65 000–75 000,28 proteins with

lolecular weights > 65 000 were quantified. These results

suggest that histamine signalling activated the ubiquitin–

proteasome system in THP-1 cells and degraded NKG2D

ligands in the cells and consequently reduced the expres-

sion on the cell surface.

Histamine treatment reduces susceptibility to NK cells

We finally examined whether the histamine-induced

down-regulation of NKG2D ligands on THP-1 cells

correlates with susceptibility to NK cell-mediated cytotox-

icity. Freshly isolated PBMC and purified NK cells were
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tested for killing of THP-1 cells. Untreated THP-1 cells

showed substantial susceptibility to PBMC and NK cells

(Fig. 8). Histamine led to a significant decrease in suscepti-

bility of THP-1 cells to PBMC for 48-hr treatment at effec-

tor to target (E : T) ratios of 20 : 1 and 10 : 1 (Fig. 8a)

and a marked decrease in this susceptibility for 72-hr

treatment at E : T ratios tested except for 1�25 : 1

(Fig. 8b). Histamine also induced a significant decrease in
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susceptibility of THP-1 cells to NK cells at E : T ratios of

5 : 1 and 2�5 : 1 (Fig. 8c). Furthermore, the killing of THP-1

cells by purified NK cells was significantly suppressed by

anti-MICA/B and anti-ULBP1 (Fig. 8d). No increase in the

spontaneous release of the fluorescent probe from hista-

mine-treated THP-1 cells was observed during the cytotox-

icity assay (data not shown), indicating that histamine

alone did not influence cell viability. Histamine did not

affect NK cell-mediated cytotoxicity when included in the

4-hr cytotoxicity assay. These results suggest that the treat-

ment of tumour cells with histamine reduces their suscep-

tibility to attack by NK cells through a decrease in the

expression of NKG2D ligands on the cell surface.

Discussion

Natural killer cells express NKG2D, an activating receptor,

at their surface and exhibit cytotoxicity against tumour

cells through the recognition of NKG2D ligands such as

MIC and ULBPs,1–3 but the relation between histamine

and the NKG2D ligands on tumour cells is unknown.

The present study provides evidence that histamine

down-regulated the expression of MICA and ULBP1 on

THP-1 cells through activation of an H1R-mediated and

H2R-mediated ubiquitin–proteasome pathway and conse-

quently reduced susceptibility to NK cell-mediated cyto-

toxicity. Expression of MICB on THP-1 cells was

marginal, as assessed by flow cytometry using anti-MICB

mAb, therefore we could not conclude that histamine

down-regulates MICB expression in this study.

Natural killer cells are a major source of IFN-c.1 The

present study showed that treatment of THP-1 cells with

IFN-c augments the expression of MICA/B and ULBP1

and that histamine also down-regulated the augmented

expression of NKG2D ligands. These results suggest that

IFN-c induces the expression of NKG2D ligands on
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tumour cells and increases susceptibility to NK cell-medi-

ated cytotoxicity and that histamine attenuates this effect.

This result is consistent with other reports that IFN-c up-

regulated the expression of MIC on monocytes38 and

ULBP1 on acute myeloid leukaemia cells.39 In line with

these observations, histamine down-regulated IFN-c pro-

duction by T cells through H2R in both human and mur-

ine systems,40 suggesting that histamine attenuates the

anti-tumour potential of IFN-c. In contrast, recent

reports showed that IFN-c down-regulated the expression

of MICA and ULBP2.41,42 This discrepancy is probably

linked to the origin and type of tumour and remains to

be clarified.

We previously showed that THP-1 cells express H1R

and H2R at the mRNA and protein levels.14 Down-regu-

lation of MICA/B and ULBP1 expression by histamine

was reproduced by agonists of H1R and H2R and by

A23187 and forskolin. These observations suggest that

H1R and H2R on THP-1 cells mediate signalling to

down-regulate the expression of MICA/B and ULBP1.

This study showed that histamine did not affect the

mRNA expression of NKG2D ligands, indicating that the

histamine-induced down-regulation is post-transcrip-

tional. It was reported that the proteolytic shedding of

NKG2D ligands is mediated by MMPs such as ‘a disinte-

grin and metalloproteinase’ 10 and 1728–30 or through

association with the protein disulphide isomerase ERp5.31

However, the present study showed that (i) histamine

treatment down-regulated the surface expression of ERp5,

(ii) inhibition of the MMPs or actin polymerization did

not impair the down-regulation, and (iii) soluble forms

of MICA and MICB were not detectable even in hista-

mine-treated culture supernatants. A recent report

showed that cellular microRNAs suppress MICA and

MICB expression through inhibition of translation,26 but

histamine did not affect expression of relevant microR-

NAs described in the report. These results exclude the

possibility that proteolytic shedding, active internalization

or microRNAs account for the histamine-induced down-

regulation.

The ubiquitin–proteasome pathway plays an essential

role in regulating protein levels during the cell cycle,

apoptosis, intracellular signal transduction and response

to cellular stress.34,35 Ubiquitination also controls the

expression of NKG2D ligands such as MICA36 and

murine ULBP-like transcript 1.37 The ubiquitin ligase K5
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from Kaposi’s sarcoma-associated virus-induced ubiquiti-

nation of MICA down-regulates its cell surface expression

and causes redistribution to an intracellular compart-

ment.36 This study showed that impairment of protein

trafficking by brefeldin A and proteasome activity by

bortezomib abrogated the effect of histamine (Fig. 6) and

that histamine enhanced poly-ubiquitination of cellular

protein and ubiquitination of MICA in the presence of

bortezomib (Fig. 7). Taking into account previous reports

and the results of this study, it is conceivable that activa-

tion of the ubiquitin–proteasome pathway by histamine-

mediated signalling is important for the down-regulation

of NKG2D ligands. This study observed that bortezomib

alone reduced the expression of MICA/B and ULBP1

(Fig. 6c,d), but the reason is unknown.

Previous reports showed that histamine protects NK

cells from inhibition by phagocyte-derived reactive oxygen

species by maintaining the expression of NKG2D and

NKp46 via H2R, which are down-regulated upon the

interaction of NK cells with phagocytes.15,16 Another

report showed that interleukin-2-activated human NK

cells express H1R and H4R, but not H2R or H3R, and

that histamine induces NK cell chemotaxis.43 However,

histamine does not directly affect the cytotoxicity of NK

cells themselves.16,43 Consistent with these findings, our

study used freshly isolated PBMC, which included mono-

cytes in the preparation, and purified NK cells and

showed that in a 4-hr cytotoxicity assay in the presence

of 100 lM histamine, NK cell-mediated cytotoxicity was

unchanged.

Histidine decarboxylase is solely responsible for the

generation of histamine.9–11 HDC at the mRNA and pro-

tein levels and HDC activity are increased in various

human tumours, such as melanoma,17,18 breast can-

cers19,20 and small cell lung carcinoma,21 and tumour cells

expressed H1R, H2R and H4R,22 indicating that histamine

acts as an autocrine growth factor.18,23 Histamine dimin-

ished the proliferation of melanoma cells when acting

through H1R, whereas it enhanced the growth of melano-

mas through H2R.18 Histamine concentrations are higher

in human tumours, such as melanomas and colon and

breast cancers, than in the surrounding normal tissue.44

Median histamine concentrations in colon and breast can-

cer tissues were reported to be 8�4 lg/g (76 lM), ranging

from 0�3 to 20�6 lg/g (2�7 to 187 lM),45 and 5�4 lg/g

(49 lM), ranging from 0�9 to 27�3 lg/g (8�2 to 248 lM),19

respectively. Therefore, we consider the concentration,

100 lM, used in this study to be comparable to that in

human tumours. Furthermore, a recent report showed

that histamine from mast cells exhibited growth-inducing

activity on human thyroid carcinoma cells.46 Therefore it

is possible that an autocrine histamine from tumours or a

paracrine histamine from a local route, such as mast cells,

down-regulates the expression of NKG2D ligands and

consequently promotes immune evasion.

In conclusion, this study showed that histamine can

affect the susceptibility of tumour cells to NK cells by

down-regulating the expression of NKG2D ligands. The

observation might not be applicable to all tumours,

depending on the type and origin of the tumour. How-

ever, the results suggest that control of the bioactivity of

histamine may be useful for dealing with tumour immu-

nity. Furthermore, NKG2D ligands play important roles

in infectious immunity47 and autoimmunity.48,49 There-

fore, control of histamine activity may be important for

the development of treatments for infectious and autoim-

mune diseases.
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and histamine-receptor antagonists modify gene expression and biosynthesis of inter-

feron c in peripheral human blood mononuclear cells and in CD19-depleted cell sub-

sets. Immunol Lett 1999; 70:95–9.

41 Schwinn N, Vokhminova D, Sucker A et al. Interferon-c down-regulates NKG2D ligand

expression and impairs the NKG2D-mediated cytolysis of MHC class I-deficient mela-

noma by natural killer cells. Int J Cancer 2009; 124:1594–604.

42 Yadav D, Ngolab J, Lim RS, Krishnamurthy S, Bui JD. Cutting edge: down-regulation

of MHC class I-related chain A on tumor cells by IFN-c-induced microRNA. J Immu-

nol 2009; 182:39–43.

43 Damaj BB, Becerra CB, Esber HJ, Wen Y, Maghazachi AA. Functional expression of H4

histamine receptor in human natural killer cells, monocytes, and dendritic cells.

J Immunol 2007; 179:7907–15.

44 Medina VA, Rivera ES. Histamine receptors and cancer pharmacology. Br J Pharmacol

2010; 161:755–67.

45 Reynolds JL, Akhter J, Adams WJ, Morris DL. Histamine content in colorectal cancer.

Are there sufficient levels of histamine to affect lymphocyte function?. Eur J Surg Oncol

1997; 23:224–7.

46 Melillo RM, Guarino V, Avilla E et al. Mast cells have a protumorigenic role in human

thyroid cancer. Oncogene 2010; 29:6203–15.

47 Kloss M, Decker P, Baltz KM et al. Interaction of monocytes with NK cells upon Toll-

like receptor-induced expression of the NKG2D ligand MICA. J Immunol 2008;

181:6711–9.

48 Groh V, Bruhl A, El-Gabalawy H, Nelson JL, Spies T. Stimulation of T cell autoreactiv-

ity by anomalous expression of NKG2D and its MIC ligands in rheumatoid arthritis.

Proc Natl Acad Sci U S A 2003; 100:9452–7.

49 Eagle RA, Trowsdale J. Promiscuity and the single receptor: NKG2D. Nat Rev Immunol

2007; 7:737–44.

114 � 2012 The Authors. Immunology � 2012 Blackwell Publishing Ltd, Immunology, 136, 103–114

Y. Nagai et al.


